Introduction

37
Ectothermic animals that are frequently exposed to temperatures below the melting point 38 (T m ) of their body fluids must either avoid freezing of their body fluids and survive the low 39 temperatures or be able to tolerate ice formation in their tissues [22] . The body fluids of fish 40 living in ice laden waters have a temperature similar to that of the surrounding water. The T m 41 of the body fluids is higher than that of the sea water, hence the fish are supercooled, and 42 should in principle freeze when they ingest or touch an ice crystal [9] . 43 Antifreeze proteins (AFPs) are an essential component of the adaptations many of these 44 animals have evolved to survive low temperatures [7, 9] . AFPs inhibit the growth of ice 45 crystals to a certain extent. The inhibition of the ice growth depresses the temperature at 46 which already present ice crystals grow, the hysteresis freezing point (T hf ), without changing the melting point (T m ) that is predicted by Raoult´s law (the colligative freezing point 28°C in LB medium supplemented with 50 µg/ml Kanamycin until cell growth reached 86 OD 600 0.7-0.8. To induce expression, 0.5 mM isopropyl thio-β-d-galactoside was added to the 87 LB medium, and the cultures were grown at 28°C for further 16-18 hours. The cells were 88 then pelleted (5000g for 20 min at 4°C), resuspendend in 1/10 volume of 50 mM sodium 89 acetate at pH 8 and lysed by sonication.
90
Purification: the pH of the supernatant obtained after sonication was adjusted to 4 using 99% 91 acetic acid in order to precipitate most of the non AFPs. The samples were centrifuged 92 (12000g for 20 min at 4°C) and the supernatant applied to a 5 ml HiTrap SP HP cation-93 exchange column (GE Healthcare) at a flow rate of 0.5 ml/min with a linear NaCl gradient 94 (0-1 M) in 50 mM NaOAc buffer pH 4. The peak fractions were checked for TH and 95 bipyrimidal ice crystal formation. The fractions containing the AFP were pooled and stored at 96 -20°C. The purity was checked on 15% SDS/PAGE gels. The pooled fractions were 97 concentrated using Amicon Ultra 15 centrifugal filter devices with a molecular cut off at 3 98 kDa (Millipore). The concentration of the protein samples was measured by the BCA Protein 99 Assay Kit (Thermo Fischer Scientific). 0.1 M citric acid, pH 4.5 with a protein stock concentration of 2mg/ml. ZvAFP6 crystals 117 grew in similar conditions; however, the pH of the citric acid was 4.0 and the protein 118 concentration was 10 mg/ml.
119
Data collection and processing: A ZvAFP13 and a ZvAFP6 crystal were flash frozen in 120 liquid nitrogen and X-ray data were collected at beamline 911-2 at Maxlab, Lund, Sweden at 121 100 K with a maximum resolution of 1.45 Å for ZvAFP13 and 1.2 Å for ZvAFP6. Data were 122 processed using XDS [15] . For ZvAFP13 the space group was determined to be P2 1 2 1 2 1 with 123 1 molecule in the asymmetric unit. For ZvAFP6 the space group was determined to be C222 1 124 with 2 molecules in the asymmetric unit. Data collection statistics are shown in Table 1 
Results
139
Purification: The main purification step in the final procedure was a pH precipitation. The 140 ion-exchange step originally carried out after the pH precipitation actually decreases the 141 purity of ZvAFP13 with respect to higher MW contaminants; therefore this step was later 142 omitted. Furthermore, difficulties were encountered in concentrating the fractions from the 143 ion-exchange step, while the protein could be brought without difficulty to the concentrations 144 necessary for crystallization by concentrating the supernatant from the pH precipitation step.
145
Activity: Both isoforms induced the previously observed bipyramidal ice crystal morphology.
146
The QAE1 isoform ZvAFP13 had a TH of 0.38±0.03ºC at a concentration of 1 mg/ml and of 147 0.96±0.01ºC at a concentration of 5 mg/ml. This activity is comparable or higher than the 148 activity reported for other QAE1 isoforms produced recombinantly, as for example in [21] or 149 purified from fish [29] . The SP isoform ZvAFP6 was completely inactive on its own up to a 150 concentration of 10 mg/ml. However, added to ZvAFP13 with both proteins at a 151 concentration of 1 mg/ml nearly doubled the activity (0.75±0.02ºC).
152
Crystal structures: Well diffracting crystals were obtained for both ZvAFP6 and ZvAFP13.
153
ZvAFP13 crystallizes isomorphously to many other reported type III AFPs [5, 13, 17] , while 154 ZvAFP6 crystallizes, as the first reported type III AFP, in the space group C222 1 with two 155 molecules in the asymmetric unit forming a dimer in the crystal (see Discussion). shows a MW of around 11 kDa most consistent with a dimer for the most prominent peak 181 ( Figure 3A) . Native PAGE cannot be run under standard conditions for ZvAFP6 because of 182 its high pI, however by reversing the current it can be electrophoresed at pH 6.1. ZvAFP6 183 runs close to a ribonuclease A standard, which has approximately the same pI (9.5 vs 9.3 as 184 calculated for ZvAFP6) and double the MW (13.7 kDa) of a ZvAFP6 monomer ( Figure 3B ). The involvement of residues Q9, L10, I13, N14, T15, A16, T18, L19, V20, M21, V41 and 206 Q44 at the IBS has been verified by mutational analysis of the QAE1 isoform HPLC12 from [10].
214
The most consistent differences between QAE1s and SPs are L19, which in SPs is mostly P, 215 and V20, which in SPs is mostly an A. These two residues were shown to be important for 216 the differences between QAE1 and SP in an investigation by Granham et al. We note that the nature of the residue at position 37 (I in most QAEs and M in many SPs) is 227 correlated with position 19. AB1, the fully active QAE1 protein mentioned above, which 228 unusually has a P at position 19 also has a M at position 37. Am1 that contains P19 has I37 229 though, but the activity of Am1 is unknown. As exemplified by the superposition of the It is interesting to note that ZvAFP13 is crystallized under similar high sulphate conditions, 261 but does not show dimerization in the crystals; unfortunately, determination of the MW in 262 solution was not conclusive. Two of the residues discussed up to now and which tend to be 263 different in SPs and QAEs, P19 and M37, are very important in dimerization ( Figure 2C ).
264
F34, fully conserved among the SPs and not found in any of the QAEs, seems also to be 265 essential in forming the interface ( Figure 2C) .
266
In the only other available SP crystal structure (PDB ID 1OPS), dimers are not formed. This 267 is hard to rationalize in terms of the few residues that are different between ZvAFP6 and 268 1OPS at the interface, but may be due to differences in the crystallization conditions for 269 1OPS, perhaps destabilizing dimerization. Figure 1 : Sequence alignment of type III antifreeze proteins mentioned in the discussion.
366
Asterisks indicate ice binding residues, residues with grey background are the mutations that 367 are mentioned in text, and residues with black background are the ones that are important in 368 dimerization of ZvAFP6. 
